Abstract 25
Ethical and technical difficulties inherent to studies in human tissues are impeding 26 assessment of the dermal bioavailability of brominated flame retardants (BFRs). This is 27 further complicated by increasing restrictions on the use of animals in toxicity testing, and the 28 uncertainties associated with extrapolating data from animal studies to humans due to inter-29 species variations. To overcome these difficulties, we evaluate 3D-human skin equivalents 30 (3D-HSE) as a novel in vitro alternative to human and animal testing for assessment of 31 dermal absorption of BFRs. The percutaneous penetration of hexabromocyclododecanes 32 (HBCD) and tetrabromobisphenol-A (TBBP-A) through two commercially available 3D-HSE 33 models was studied and compared to data obtained for human ex vivo skin according to a 34 standard protocol. No statistically significant differences were observed between the results 35 obtained using 3D-HSE and human ex vivo skin at two exposure levels. The absorbed dose 36 was low (less than 7%) and was significantly correlated with log K ow of the tested BFR. 37
Permeability coefficient values showed increasing dermal resistance to the penetration of γ-38 HBCD > β-HBCD > α-HBCD > TBBPA. The estimated long lag times (> 30 minutes) 39
suggests that frequent hand washing may reduce human exposure to HBCDs and TBBPA via 40 dermal contact. 41
Introduction 47
Brominated flame retardants (BFRs) are a diverse group of chemicals widely used to prevent 48 or reduce the flammability and combustibility of polymers and textiles. Among the major 49 members of this group are Tetrabromobisphenol A (TBBP-A) and hexabromocyclododecane 50 (HBCD) with estimated global production volumes of 170,000 and 16,700 tons, respectively 51 (BSEF 2014). Since HBCD and ~20% of the produced TBBP-A are blended physically 52 within, rather than bound chemically to polymeric materials; they migrate from products, 53 following which their persistence and bioaccumulative character leads to contamination of 54 the environment including humans (Harrad, et al. 2010 ). This is of concern owing to their 55 potential toxicological risks including: endocrine disruption, neurodevelopmental and 56 behavioral disorders, hepatotoxicity and possibly cancer (Darnerud 2008 ; Wikoff and 57 Birnbaum 2011). Such evidence has contributed to several regulations (e.g. REACH) under 58 different jurisdictions to control the production and use of these hazardous chemicals. correlation between PBDE levels on hand wipes (presumably resulting from hand contact 73 with contaminated dust or flame-retarded products) and PBDE levels in blood serum from 74 American adults. While concentrations of PBDEs in indoor dust were strongly correlated 75 with those in hand wipes, correlation could not be established directly between PBDE 76 concentrations in indoor dust and their levels in serum (Watkins, et al. 2011 ). This opens up 77 the possibility that FRs in dust may also be an indicator of another exposure pathway, such as 78 direct dermal uptake of FRs present in treated goods (e.g. games consoles, remote controls, 79 and fabrics). However, the absence of experimental data on human dermal absorption of 80 various BFRs was recently highlighted as a major research gap hampering their accurate 81 exposure assessment. Efforts to fill this gap are currently impeded by several difficulties 82 including: ethical and technical issues inherent to studies involving human tissues, increasing 83 restrictions on the use of laboratory animals in toxicological studies and the substantial 84 uncertainties associated with extrapolating data from animal studies to humans due to inter-85 species variation (e.g. skin barrier function, hair follicles, intercellular subcutaneous lipids 86 …etc) (Abdallah, et al. 2015a) . 87
To overcome these difficulties, this study will evaluate the application of in vitro 3D-human 88 skin equivalents (3D-HSE) as an alternative method to animal and human testing for 89 assessment of dermal uptake of HBCDs and TBBPA. 3D-HSE are commercially available, 90 fully differentiated, multi-layered dermal tissues that closely mimic the original human skin 91 histologically and physiologically (Schaefer-Korting, et al. 2008a). 3D-HSE consist mainly 92 of primary human cells (e.g. keratinocytes and fibroblasts) obtained from healthy consenting 93 donors, which are then cultured at the air-liquid interphase on a specially designed inert 94 support that allows cell growth in a nutrient culture medium ( Figure SI-1 The EPISKIN™ RHE/L/13 human skin equivalent kit was purchased from SkinEthic Full thickness skin without adipose tissue and an overall thickness of 550 ± 80 µm was used. 140
Upon receipt, the ex vivo skin samples were equilibrated for 1 hour with 3 mL of DMEM-141 based (Sigma-Aldrich, UK) culture medium (Table SI- All experiments were performed in triplicate. Following 30 minutes equilibration, the tested 169 chemicals were applied onto the skin surface in the donor compartment. A DMEM-based 170 culture medium (Table SI-1) was used as receptor fluid, maintained at 32 ± 1 °C andmagnetically stirred. To comply with the OECD guidelines, 5% bovine serum albumin (BSA) 172 was added to the receptor fluid (Table SI- figure SI-2) . 219
Results are presented as the arithmetic mean of 3 replicates ± standard deviation (SD). 220
Statistical analysis was performed using SPSS 13.0 software package. Differences in skin 221 permeation were evaluated by the paired student t-test between 2 datasets. A Games-Howell 222 test was used for analysis of variance (ANOVA) among several datasets with equal variances 223 not assumed; p < 0.05 was regarded to indicate a statistically significant difference. 224
225

QA/QC 226
Several stages of QA/QC measurements were performed to check the performance of 227 permeation assay protocol. A "field" blank, comprising a skin tissue exposed to solvents only 228 and treated as a sample, was performed with each sample batch (n= 9). None of the studied 229 compounds were above the limit of detection (LOD) in the field blank samples. Good 230 recoveries of the 13 C-labeled internal standards (> 80%) were obtained indicating high 231 efficiency of the extraction method (Table SI-3) . 232
Based on the guidelines of EPISKIN™ and EpiDerm™ models, the viability of the tissue was 233 tested by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay using a 234 standard kit purchased from each provider. Acceptable MTT results (i.e. Formazan 235 concentration ≥ 1.5 mg/ml) were achieved following 24 hours of exposure. Both positive and 236 negative control experiments were carried out alongside each sample batch. Positive controls 237 involved the exposure of the test tissue to Triton-X-100 which showed ~ 100% permeation 238 (n=5; 97 ± 4%), while negative controls showed 0% penetration of decabromodiphenyl 239 ethane after 24 hours exposure. The integrity of the skin membrane was tested using the 240 standard trans-epidermal electrical resistance (TEER) and methylene blue (BLUE) standard 241 methods (Guth, et al. 2015) . One excised human skin patch failed the membrane integrity 242 test; hence its results were excluded from this study.
Results and Discussion 245
Mass balance and absorbed fractions 246
The efficiency of the experimental approach was investigated using a mass balance exercise. 247
Results revealed good overall recoveries (>85%) for the target compounds using different 248 permeation devices (Table 1) (Table 1 and Table SI- skin (65%) compared to human skin (45%), although the difference was not statistically 281 significant at the 95% confidence level (Zalko, et al. 2011) . 282
Investigation of the directly absorbed dose through the tested skin models showed a uniform 283 pattern of increasing permeation in the following order: TBBP-A > α-HBCD > β-HBCD > γ-284 HBCD (Figure 2 ). This is generally in line with the physicochemical properties of the tested 285 compounds, where TBBP-A has a lower mass and higher water solubility than HBCDs 286 (Table SI-6) . Furthermore, a statistically significant correlation (P < 0.05) was observed 287 between the 24 h cumulative absorbed dose and the log K OW (Table SI- showing lowest percutaneous penetration and TBBPA the highest, J ss of the studied BFRs 307 ranged from 0.8 ˗ 1.5 ng/ cm 2 . h, 0.9 ˗ 1.5 ng/ cm 2 . h and 0.7 ˗ 1.3 ng/ cm 2 . h for the 308 EPISKIN™, EpiDerm™ and human ex vivo skin, respectively (Table 2) . Interestingly, α-309 HBCD showed a consistently higher flux across skin than γ-HBCD at the studied doses 310 (Table 2 ). This indicates a higher dermal bioavailability of α-HBCD compared to the β-and 311 γ-isomers. In addition to slower biotransformation rates (Abdallah, et al. 2014) and higher 312 uptake from the gastrointestinal tract (Abdallah, et al. 2012), the greater dermal 313 bioavailability of α-HBCD is likely a contributory factor in the dramatic shift of the HBCD 314 isomeric profile from predominantly γ-HBCD in the commercial formulations and abiotic 315 samples to a predominance of α-HBCD in biota (Covaci, et al. 2006 ).
The estimated P app values indicate more resistance of human ex vivo skin to the penetration of 317 target BFRs than the EPISKIN™ and EpiDerm™ models. However, this difference was not 318 statistically significant. In addition, both 3D-HSE models and human ex vivo skin displayed 319 increasing resistance to the penetration of BFRs in the same order of γ-HBCD > β-HBCD > 320 α-HBCD > TBBP-A. 321
The lipophilic nature, low polarity and low water solubility of the studied BFRs are 322 manifested by long lag times (> 30 minutes; Table 2 Many organic solvents (e.g. chloroform and methanol) are employed to delipidize the skin, 339 which increases the permeability of hydrophilic -but not lipophilic -compounds (Chiang, et 340 al. 2012 ).
Since BFRs are highly lipophilic compounds with very low water solubility (Table SI- caused the greatest significant increase in TEWL (Abrams, et al. 1993) . Step 1: Equilibriation of the culture with receptor fluid
Step 2: Application of the contaminant onto the stratum corneum
Step 3: receptor fluid is collected (and replaced) at fixed time points.
Step 4: At the end of exposure experiment (up to 24 hours), the stratum corneum is washed thoroughly, all the receptor fluid is collected, the cell culture is recovered from the diffusion cell and all samples are stored at -80ºC until analysis. 
3D-human
